Intestinal epithelial cells secrete a protective luminal mucus barrier inhibiting viral gene transfer. Quiescent, polarized monolayers of primary epithelial cells from dog gallbladder and human colon are efficiently transduced through the apical mucus side by lentivirus vectors, suggesting their application to intestinal gene therapy.
Cystic fibrosis (CF) is associated with the inherited absence of CF transmembrane conductance regulator (CFTR) and is characterized by thick, tenacious mucus that leads to respiratory failure (5, 17) . In the intestine the absence of CFTR causes a multitude of abnormalities and can lead to complete obstruction of the gastrointestinal tract (5) . As treatments for the lung dysfunction of CF patients have improved, patients are living longer and there is an increasing need for CFTR gene transfer to the intestine and pancreas (17) . Unfortunately, gene transfer into epithelial cells has proven difficult. Transduction of epithelia from the luminal (apical) side is desirable because this side is the most accessible. However, many epithelial cells secrete mucin from the apical side to act as a protective barrier, and this mucus layer can inhibit viral transduction (1, 2, 14) . As model tissues to study gene transfer into intestinal epithelia, we used human CaCo-2 cells (16) and primary dog gallbladder epithelial (DGBE) cells (13) . Both types of cells form well-differentiated, highly polarized, leaktight epithelia, and DGBE cells retain many of the functions of gallbladder epithelial cells, such as abundant mucin production and response to second messengers (6, 8, 10) .
We hypothesized that lentivirus vectors based on human immunodeficiency virus type 1 (HIV) (7, 11, 12) may transduce intestinal epithelial cells through the apical membrane. We investigated the efficiency of gene transfer into quiescent polarized intestinal epithelial cells by first-generation (3) and third-generation (4, 18) lentivirus vectors. We compared lentivirus transduction efficiency with that of a Moloney murine leukemia retroviral vector using viruses pseudotyped with vesicular stomatitis virus G protein (VSV-G).
Viral preparations. Viral preparations were generated by calcium phosphate cotransfections in 293T cells and were all pseudotyped with VSV-G. Moloney murine leukemia retroviral vector LNCeGFP had enhanced green fluorescent protein (GFP) expression under control of the cytomegalovirus (CMV) promoter (15) . First-generation lentivirus pRtatpeGFP was generated by cotransfections of a Gag/Pol, Tat, Rev, Vpu, Vif packaging construct (3), and enhanced GFP expression was under control of the HIV long terminal repeat (LTR). Thirdgeneration lentivirus vector pRRLcmveGFPsin was generated by cotransfection of a HIV Gag/Pol packaging construct and Rev expression vector (18) , and enhanced GFP expression was under control of the CMV promoter. Titers of viral preparations were determined by using 10 5 HeLa cells and determining the fraction of GFP-positive cells 3 days after infection by fluorescence microscopy. Titers of 10 6 infectious units/ml were routinely obtained for all viruses.
Cell culture and viral infections. DGBE cells and human CaCo-2 cells were cultured in Dulbecco's modified Eagle's medium (9) . To determine transduction of dividing cells, 2 ϫ 10 5 DGBE cells or CaCo-2 cells were infected at a multiplicity of infection of 2 for 4 hrs in the presence of 10g/ml DEAE dextran. Cells were harvested by trypsinization 4 days later, fixed with 10% formalin in phosphate-buffered saline, and analyzed by flow cytometry. Cells were seeded on transwell membrane inserts with a 3-m pore size and 24-mm diameter (Corning Costar, Cambridge, Mass.) and grown to confluence in 3 to 4 days. Viral transductions were performed by adding virus in 2 ml of culture medium with 10 g of DEAE dextran per ml to the apical or basolateral compartment for 4 h. In all cases, 10 6 viral particles (multiplicity of infection, 0.3 to 0.5) were used per well and the cells were not washed so the mucus layer would not be disturbed. Control experiments were performed by adding a 40 M concentration of the reverse transcriptase inhibitor zidovudine (AZT) (Glaxo-Wellcome, Research Triangle Park, N.C.) during and after infection into both compartments. Three days after infection, the cells were fixed in situ for 30 min with 4% paraformaldehyde in phosphate-buffered saline and mounted with buffer containing the nuclear stain 4,6-diamino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, Calif.). Cells were labeled with 80 M bromodeoxyuridine (BrdU) (Sigma, St. Louis, Mo.) in the apical and basolateral compartments for 24 h to determine the fraction of dividing cells. BrdU labeling was initiated concurrently with viral infections, and incorporation was determined immunologically using tetramethyl rhodamine isothiocyanate-labeled secondary antibody (Dako, Carpinteria, Calif.).
Transduction of proliferating DGBE and CaCo-2 cells. Dividing primary DGBE and CaCo-2 cells cultured on plastic were infected by the murine retroviral vector LNCeGFP and two different lentivirus vectors, pRtatpeGFP and pRRLcmveGFPsin, and GFP expression was analyzed by fluorescence-activated cell sorting. All viruses were very effective in transducing dividing DGBE and CaCo-2 cells (Table 1) . The mean fluorescence intensity shows that in DGBE cells, GFP expression driven by the CMV promoter in LNCeGFP and pRRLcmveGFPsin and GFP expression driven by the HIV LTR in pRtatpeGFP are equivalent. In contrast, in the human CaCo-2 cell line, the CMV promoter seems to be weaker than the HIV LTR ( Table 1) .
Characterization of polarized epithelial cells. Cells grown on transwell membranes form highly polarized monolayers, allowing us to study infection through the basolateral and apical sides separately. To determine the fraction of polarized cells undergoing mitosis, confluent leak-tight monolayers of DGBE and CaCo-2 cells were labeled with BrdU for 24 h. BrdU labeling was started at the same time as the transduction and continued for 20 h afterwards. Only cells that divide in this 24-h period will incorporate BrdU (Fig. 1A) . The average fraction of cells undergoing mitosis during and 20 h after transduction was 2.4% Ϯ 0.7% (n ϭ 3) for the DGBE cells and 2.2% Ϯ 0.3% (n ϭ 2) for the CaCo-2 cells. These data show low levels of proliferation in confluent polarized epithelial cells. A cross section of transduced DGBE cells on a transwell membrane shows a monolayer characteristic of differentiated epithelium (Fig. 1B) . Mucin secretion by DGBE cells was confirmed by gel filtration of conditioned medium from DGBE cells that had been labeled with tritiated N-acetyl-D-glucosamine (9) . Only conditioned medium from the apical side contained mucin, demonstrating unidirectional polarized secretion of mucin (not shown).
Transduction of polarized intestinal epithelial cells with the murine retroviral vector LNCeGFP. Transduction rates of CaCo-2 and DGBE cells with LNCeGFP were close to the fraction of dividing cells, i.e., 2.6% Ϯ 2% and 2.9% Ϯ 1%, respectively (Table 2) . DGBE cells could be transduced by LNCeGFP with equal efficiency through the basolateral and apical sides, i.e., 2.4% Ϯ 1% and 2.9% Ϯ 1%, respectively, whereas transduction of CaCo-2 cells by the murine retroviral vector occurred only through the apical domain (Table 2) . These experiments indicate that VSV-G-pseudotyped murine retroviral vectors can cross a mucus barrier and transduce dividing intestinal epithelial cells. Since DGBE cells were infected with equal efficiency through the apical and basolateral domains, these experiments also indicate that the presence of a transwell membrane at the basolateral surface does not act as a barrier to transduction.
Transduction of polarized intestinal epithelial cells with lentivirus vectors. When CaCo-2 and DGBE cells were transduced through the apical compartment with the first-generation lentivirus vector pRtatpeGFP, 30 to 40% of the target cells became GFP positive, indicating that pRtatpeGFP is able to transduce quiescent epithelial cells (Table 2 ; Fig. 2 ). The HIV reverse transcriptase inhibitor AZT inhibited more than 99% of transduction (Fig. 2) , indicating that viral transduction and not protein transfer or plasmid transfection had occurred. The third-generation lentivirus vector pRRLcmveGFPsin transduced quiescent CaCo-2 cells but not DGBE cells with greater efficiency than a murine retroviral vector, suggesting that the different lentivirus backbones and packaging systems might have different efficiencies in transducing nonhuman cells (Table 2; Fig. 2 ). Infection with lentivirus vectors was most efficient through the apical compartment, although 4.7% Ϯ 1% of CaCo-2 cells were transduced by pRtatpeGFP through the basolateral side (Table 2 ; Fig. 2 ). DGBE cells were not significantly transduced through the basolateral side (Table 2 ; Fig.  2 ). Infections of subconfluent layers of DGBE cells on transwell membranes with pRtatpeGFP showed transduction efficiencies through the basolateral and apical sides of 31% Ϯ 9% and 42% Ϯ 6%, respectively. Thus the presence of a transwell membrane did not prevent viral particles from reaching the cells from the basolateral compartment.
In summary, we showed that VSV-G-pseudotyped lentivirus was able to cross a mucus barrier and preferentially transduce DGBE and CaCo-2 cells through the apical side, which might be an important property for in vivo intestinal gene transfer.
